Multidimensional mass spectrometry techniques, combining matrix-assisted laser desorption/ionization (MALDI) or electrospray ionization (ESI) with tandem mass spectrometry 
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Introduction
Carbohydrates participate in numerous biological functions in living systems, which are generally initiated by molecular recognition events proceeding through specific, noncovalent carbohydrate-protein interactions. [1] [2] [3] [4] [5] Saccharides that bind weakly to protein receptors may not provide sufficient control for processes mediated in vivo by protein-carbohydrate binding. This problem has spurred the development of synthetic carbohydrates and carbohydrate-based polymers ("glycopolymers") that interact more strongly with proteins due to their multiple sugar residues. 3, 4 Interest in such polymers has further increased after several studies revealed that glycopolymer-protein interactions are very similar with those between proteins and natural (poly)saccharides and suitable for a diverse array of pharmaceutical and medical applications, including drug delivery, diagnosis, immune system modulation and tissue engineering. 3, [6] [7] [8] [9] [10] [11] Glycopolymers are also employed as superabsorbents, contact lens materials and gene delivery systems due to their biocompatibility and biodegradability. [12] [13] [14] [15] [16] The term "glycopolymer" describes both synthetic carbohydrates as well as carbohydrate-bearing polymers in which sugar moieties are attached as pendants to a conventional synthetic polymer chain. 8 The chemical properties of a glycopolymer and its suitability for a specific biomedical application depend on the spatial arrangement of its sugar units. 4 Preparing and identifying specific structures is therefore essential for glycopolymers intended for medical use.
Glycopolymers can exist in different architectures, including branched, dendritic and combshaped structures. 8 As with natural carbohydrates, 17 isomeric sequences of the individual repeat units are possible, posing significant challenges in deducing the correct connectivity (primary structure) and overall shape of a glycopolymer.
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The progress achieved in glycotechnology over the last decades has been accompanied by a comparable development of analytical methods for the characterization of natural and synthetic carbohydrates. Among them, mass spectrometry (MS) has become an established and widely used technique for the analysis of carbohydrates, providing molecular structure information with high sensitivity and convenient sample preparation. [17] [18] [19] [20] [21] [22] [23] [24] In particular, tandem mass spectrometry (MS 2 ) and multistage mass spectrometry (MS n ) via collisionally activated dissociation (CAD) have proven to be a powerful means for the determination of the primary structure of carbohydrates. 20, [22] [23] [24] [25] These methods have found similar practicality in analyses of synthetic polymer connectivity. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] More recently, ion mobility mass spectrometry (IM-MS) [40] [41] [42] [43] has shown promise in offering unique insight into both carbohydrate branching and stereochemistry 22, 44, 45 as well as into synthetic polymer assembly and architecture. 39, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] The present investigation evaluates for the first time the utility of combining MS 2 , MS n and IM-MS to determine the sequence (primary structure) and architecture (branching type) of a glycopolymer. The sample examined was a copolymer synthesized from an acrylate monomer (A) and an acrylate inimer (B), both containing a β-D-mannopyranoside substituent in the ester moiety (Fig. 1) ; 56 these units can copolymerize to yield linear chains with all mannose groups as pendants or branched chains with some mannose groups as pendants and some within the chain at the branching points, as shown in Fig. 1 .
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acetyl protected acryloyl-1-(2-bromo)-methyl acrylic-β-D-mannopyranoside (structure B in Fig.   1 ), as has been reported in the literature. 56 Gel permeation chromatography (GPC) analysis, using poly(methyl methacrylate) standards for mass scale calibration, indicated an average molecular weight (M n ) of 6080 Da and a polydispersity index (M w /M n ) of 1.86. Approximately 0.5 μL of the final mixture was spotted on a 384-well ground-steel MALDI plate and allowed to air-dry before insertion of the plate into the vacuum system. MS 2 experiments were performed using Bruker's LIFT mode with no additional collision gas. 57 Data analysis was conducted with the flexAnalysis software.
Matrix-assisted laser desorption/ionization (MALDI) experiments

MALDI-MS and MS
Electrospray ionization (ESI) experiments
Stock solutions of the polymer and NaTFA were prepared in CHCl 3 and MeOH, respectively were 300 ºC and 8 L/min, respectively; the pressure of the nebulizing gas (N 2 ) was set at 10 psi. MS 2 spectra were acquired by isolating the appropriate precursor ion and accelerating it with an RF field in order to induce collisionally activated dissociation (CAD) with the He bath gas in the QIT; for MS n spectra (n = 3-4), the isolation and activation procedure were repeated with a specific fragment in the MS 
Collision cross-section determination
The collision cross-section (CCS) of oligomers with the composition A 2 B 2 was deduced from the corresponding drift time, measured by IM-MS, after calibration of the drift time scale with ions of known CCS as reported previously. [60] [61] [62] Polyalanine, cytochrome c and insulin chain A ions served as calibrants.
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The calibration curve was constructed by plotting the corrected CCSs of the calibrant ions against their corrected drift times measured by IM-MS at the same instrument settings used for the glycopolymer (see Electronic Supplementary Information).
Molecular modeling
Geometry optimization of glycopolymer structures with the composition A 2 B 2 was performed by molecular mechanics/dynamics calculations, using the Materials Studio software (version 4.2).
With each architecture, 150 candidate structures were generated and their theoretical collision cross-sections were calculated by the projection approximation method available in the MOBCAL software program. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Analyst Accepted Manuscript bond (330 Da), respectively (cf. Fig. 3a and Scheme 1a-b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript In this spectrum (Fig. S1 ), m/z 855.2 does not show the characteristic isotope pattern of Br, confirming that Br is lost with the neutral fragment.
Similarly, the presence or absence of Br content in the other MS 2 fragments is readily established from the corresponding isotope patterns (cf. Fig. S1 ).
It is noteworthy that backbone cleavages within the acrylate connectivity are not observed, in analogy to sodiated poly(butyl acrylate)s, which also dissociate mainly by 1,5-H rearrangements at the acrylate pendants and in sharp contrast to sodiated poly(methyl acrylate), which dissociates through homolytic backbone C-C bond cleavages. 65 This reactivity difference must result from the lower energy requirements for dissociations via 1,5-H rearrangement 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript bond cleavages in the polymer chain. Horizontal bonds denote repeat unit attachment through the acrylate vinyl group, whereas vertical bonds indicate repeat unit attachment to the initiator site (branching site) of the inimer.
All isomers start with a B unit and a vertical bond (because only the inimer can initiate the polymerization), but differ in the sequence and arrangement of the other two repeat units. In the text, monomer or inimer units attached to a vertical bond (i.e. repeat units connected to the initiating site of the inimer) are shown in parentheses to avoid ambiguity (cf. Fig. 5 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript - (60) 3 - (60) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript increases to six. These are shown in Fig. 6a in schematic representation using the symbols A and B and vertical bonds or parentheses to designate chain extension through the inimer branching point (vide supra). - (60) 1 - (60) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 site. On the other hand, the trimer and tetramers contain two sites where HBr loss can take place, while all four n-mers have several acetyl groups from which AcOH loss(es) can proceed.
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These differences and the rising number of competitive and sequential dissociations that are possible with increasing oligomer size reconcile the decrease in intensity of the CH 3 Br loss in the ESI-MS 2 spectra, relative to the total fragment ion current, when the number of comonomer repeat units increases from two (Fig. 3a) to three (Fig. 5) to four (Fig. 6a) . Nonetheless, this structurally diagnostic fragment is clearly discernible and appears with an significant intensity in all cases (>6% of most abundant fragment). Interestingly, the peak intensity ratio of CH 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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Ion mobility mass spectrometry analysis 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript The ion mobility and, hence, drift time of an ion through the IM region depends on its charge and CCS which is a measure of the ion's size (mass) and shape (architecture). [40] [41] [42] With the traveling wave variant of IM-MS utilized in our study, drift times cannot be converted to collision cross-sections through a mathematical equation but require calibration of the drift time scale with standards of known CCS. 60, 61 A calibration curve was constructed using peptide and protein ions (Fig. S3) quasi spherical structures, such as the ones considered in this study (cf. Fig. 6b ).
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